In recent years, ultrashort intense laser-matter interaction has been under intensive studies due to its huge potential of various applications. [1] [2] [3] [4] When an intense femtosecond laser pulse irradiates on a solid target, electrons in the optical skin depth absorb the laser energy and become suprathermal electrons immediately. 4, 5 While part of these suprathermal electrons move inward heating more electrons and the lattice, the others directly escape from the target surface and expand outward leaving the positive ions alone, generating a charge separation potential at the target surface. This charge separation potential responsible for ion sheath acceleration was believed to last only a few picoseconds before the electrically neutral plasma is actually formed. The property of such laser-induced plasmas with electrical neutrality has been studied extensively for decades. These studies reveal that the processes concerning suprathermal electrons generation, motion of heated charge particles, and the accompanying electromagnetic field are crucial for a fundamental understanding of laser-solid interaction and laser-plasmas. [1] [2] [3] [4] 6 However, the direct observation of this initial stage of the plasma formation initiated by a rapid energy deposition has been sparse so far.
The traditional methods used in the pertinent researches are all-optical pump-probe techniques, such as time-resolved optical shadowgraph, 7 Faraday rotation, 8 and visible to soft x-ray interferometry. 9, 10 However, these ultrafast optical probes usually response poorly to the electric field and the charge motions. To overcome this limitation, pulsed electrons and protons generated by pulsed laser-matter interaction are used to replace the light probe. [11] [12] [13] In earlier studies, the time resolution of these experiments was confined to about 70 ps, 14 which is not sufficient to catch the motion of suprathermal electrons. Very recently, a novel method based on shorter monoenergetic electron pulses synchronized to laser pulses has been demonstrated for its startling time resolution and high sensitivity to electric field simultaneously. [15] [16] [17] [18] Here, we perform four-dimensional ͑4D͒ electron shadowgraphy to probe the initial stage of laser-plasma formation through taking snapshots of the transient distribution of suprathermal electrons and the associated electric field. It is found that the rapidly evolving electric field can be reproduced by a rapidly self-expanding electron charge cloud containing about 8 ϫ 10 7 ejected electrons. This charge cloud expands at an average speed of 1.2ϫ 10 7 m / s, much faster than that predicted in a previous theoretical study. 5 The basic methodology of ultrafast electron shadowgraph has been reported in our previous publication, 19 and the experimental setup relevant to this study is sketched in Fig. 1͑a͒ . The pump pulse ͑0.2 mJ/pulse͒, split from a main 800 nm 70 fs duration laser pulse, is focused onto the target surface to initiate the plasma dynamics. The nominal pump beam size on the target is ϳ50 m full width at half maximum with a corresponding intensity of 1.5ϫ 10 14 W / cm 2 ͑10 J / cm 2 ͒. The other part of the main laser pulse is first frequency tripled and used to generate the ultrashort probe electron pulse, through a 60 kV dc electron gun. To follow the plasma dynamics, a series of shadowgraph images is recorded at a variety of pump-probe delay times. In this study, the target is a flat-head silver needle with a 400 m diameter tip. This target geometry maximizes the space for the a͒ Electronic mail: jzhang@aphy.iphy.ac.cn. A series of shadowgraph images at selected delay times is shown in Fig. 2 . Each of them was taken with a single ultrashort electron pulse. The image at T = 0 ps, which is defined as the time when the profile of electron beam begins to be affected by the ejected electrons, shows the shadow of the needle with high contrast and a well-defined boundary. Between T = 0 and 5 ps, the passing electrons near the pumped spot are deflected away. During this time period, the boundary of target shadow is gradually blurred. From T = 5 to 20 ps, around the pumped spot, a blank, electron-depleted region with a clear boundary is formed. This electron depletion goes on hand-in-hand with an intensity enhancement at the region boundary, indicating that these extra edge electrons are likely deflected from inside the boundary. In addition, this electron-depleted region displays a nearly spherical symmetry and expands radially outward up to T = 20 ps, with almost no probe electrons appearing inside it and maintaining a clear boundary. The diameter of electron-depleted region as a function of delay time is plotted in Fig. 3͑a͒ . It shows a linear time dependence in the first 20 ps and increases with time at a speed of 0.08 mm/ps before reaching its maximum size of 3.5 mm at about T = 20 ps. This maximum diameter remains nearly unchanged while the boundary becomes gradually blurry with time.
Around T = 20 ps, an intense spotlike feature starts to appear in the middle of the mouth of electron-depleted region. As shown in Fig. 3͑b͒ , the amount of the focused electrons increases nearly linearly with time and reaches up to 20% of the total probe electrons at about T = 70 ps. This local focusing of probe electrons carries on concurrently with the electron depletion discussed above. The above observation indicates that the electric field in the pumped region consists of two components. The first component appears right after the laser pulse interacts with the target and repels the probe electrons outward. It builds up in the first 20 ps and persists in the following 100 ps. While the second component, which focuses electrons toward the target, emerges at about T = 20 ps. This component lasts longer and dominates the influence on the probe electrons after reaching its maximum at about T = 40 ps.
We attribute the two components to a transient field generated by a self-expanding electron cloud formed above the pumped spot. After the optical excitation with a moderate laser intensity, electrons were ejected out of target surface via both the multiphoton photoemission and the subsequent thermionic emission, forming a high-density charge cloud above the pumped spot. Equivalent amount of positive charge remains at the target surface. Influx of electrons from the unexcited part of the silver target partly neutralizes the positive charge. It makes the space around interaction spot negatively charged. Thus the first component of the electric field builds up and repels the probe electrons outward. The diameter of electron-depleted region is depended on the net charge of this area. The charge cloud of high electron density created by an ultrashort intense laser pulse will suffer a strong space charge field and self expands rapidly outward. While the electron cloud expands into a bigger dimension, the electrons at the inside layer will strike the target surface and get neutralized, creating a charge neutral region at the target location. Subsequently, the overall charge distribution becomes a self-expanding electron charge cloud with a charge neutral region occupied by the needle target, or equivalently it can be viewed as a superposition of a negatively charged cloud and an equally positively charged region at the location of the needle target. The formation of this neutral region ͑the equivalent positively charged region of the needle shape͒ will produce an additional focusing electric field on the passing probe electron beam, as shown in the shadowgraph images taken at and after 20 ps. This charge neutral region will grow progressively with time. Consequently, more and more electrons are exposed to this second field and deflected as being focused. This focusing effect has been observed previously in flat metal target surfaces, but significantly enhanced in the target geometry used in this study.
Based on the picture presented above, some information concerning the initial stage of laser-plasmas formation can be extracted from these shadowgraph snapshots. Assuming an effective electric field range of 0.1 mm, the average electric field ͗E Ќ ͘ can be estimated to be about 4.7ϫ 10 6 V / m. To simulate the repelling process, we calculate the charge redistribution of a probe electron pulse after being deflected by a point charge field using the GPT code, 20 and the results show that a point charge with 5.4ϫ 10 7 electron charges would reproduce the same temporal pattern of electron-depleted region as recorded by shadowgraph.
Using COMSOL MULTIPHYSICS, 21 we conducted another simulation for an electron beam passing through an electric field as shown at the bottom of Fig. 4 . In the simulation, the electric field is generated by a given electron distribution and a positive point charge at the interaction spot. The results show that self-expanding electron cloud of a total of 5.2 ϫ 10 7 electrons and an average speed of 1.2ϫ 10 7 m / s reproduces the phenomena observed. As shown in Fig. 4 , in the first 20 ps the growing disparity of the two charge strengths the first electric field inducing the electron-depleted region to expand with time. The boundary becomes clearer as well. When the suprathermal electrons depart far enough, the second field is generated and focuses part probe electrons as shown in the plot of 99 ps. The speed of the ejected electron cloud is related to the time required for the formation of the focused electrons at and after T = 20 ps. By assuming that the focused electrons emerge when the electrons cloud propagates about 350 m, i.e., half of the radius of the probe beam, the expanding speed of the charge cloud is estimated to be 1.2ϫ 10 7 m / s, which is consistent with that of the simulation.
The speed of self-expanding charge cloud is strikingly fast, nearly four times of the peak speed from simulation under the similar condition. 5 We attributed such suprathermal electron generation to self-acceleration due to space charge effect in an intense electron gas environment created by ultrashort high intensity laser pulses. 22 The outmost electrons of the charge cloud experience the highest acceleration of this self-generated field, while the inner ones feel less accelerating field, resulting a radially self-expanding charge distribution rather than free expansion of thermal electron gas.
In summary, this study provides new insights into the ultrafast electron and ion dynamics during the initial stage of evolving plasma at the solid target surface irradiated by an ultrashort laser pulse with a moderate intensity. It opens door to the cases with more intense laser irradiation, which will be critical to the understanding of the laser absorption, micromachining, laser-irradiated target property, and the laserproduced proton acceleration. 23, 24 This work was supported by the National Natural Science 
